The role and responses of the dimeric DJ-1 protein to cardiac oxidative stress is incompletely understood. H 2 O 2 induces a 50-kDa DJ-1 interprotein homodimer disulfide, known to form between Cys-53 on each subunit. A trimeric 75-kDa DJ-1 complex that mass spectrometry shows contained 2-Cys peroxiredoxin also formed and precedes the appearance of the disulfide dimer. These observations may represent peroxiredoxin sensing and transducing the oxidant signal to DJ-1. The dimeric disulfide DJ-1 complex was stabilized by auranofin, suggesting that thioredoxin recycles it in cells. Higher concentrations of H 2 O 2 concomitantly induce DJ-1 Cys-106 hyperoxidation (sulfination or sulfonation) in myocytes, perfused heart, or HEK cells. An oxidation-resistant C53A DJ-1 shows potentiated H 2 O 2 -induced Cys-106 hyperoxidation. DJ-1 also forms multiple disulfides with unknown target proteins during H 2 O 2 treatment, the formation of which is also potentiated in cells expressing the C53A mutant. This suggests that the intersubunit disulfide induces a conformational change that limits Cys-106 forming heterodisulfide protein complexes or from hyperoxidizing. High concentrations of H 2 O 2 also induce cell death, with DJ-1 Cys-106 sulfonation appearing causal in these events, as expression of C53A DJ-1 enhanced both Cys-106 sulfonation and cell death. Nonetheless, expression of the DJ-1 C106A mutant, which fully prevents hyperoxidation, also showed exacerbated cell death responses to H 2 O 2 . A rational explanation for these findings is that DJ-1 Cys-106 forms disulfides with target proteins to limit oxidantinduced cell death. However, when Cys-106 is hyperoxidized, formation of these potentially protective heterodimeric disulfide complexes is limited, and so cell death is exacerbated.
Oxidative stress is associated with a net increase in concentration of reactive oxygen species and is implicated in the pathogenesis of heart disease, including ischemia/reperfusion injury, cardiac hypertrophy, and heart failure. Reactive oxygen species may be injurious by causing oxidative damage or dysregulating homeostatic redox signaling pathways. Antioxidant reactive oxygen species-neutralizing defense mechanisms maintain the cellular environment in a reduced condition, limiting oxidation of proteins and other biomolecules. Parkinson protein 7 (DJ-1) is one of the most abundant redox-sensitive proteins within the heart. However, little is known about its response during cardiac oxidative stress.
Human DJ-1 contains 189 amino acid residues and exists as a homodimer of two ϳ20-kDa subunits (1) . DJ-1 was first identified as an oncogene (2) and has since been described as a causative gene for early-onset Parkinson disease (3, 4) . Although DJ-1 has protease (5) (6) (7) or chaperone (8, 9) activities, most studies have focused on its protective role against oxidative stress (10 -15) . Knock-out of the DJ-1 gene enhances hydrogen peroxide (H 2 O 2 ) and 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine-mediated cell death. Furthermore, examination of mitochondria from KO mice revealed that DJ-1 acts as an atypical peroxiredoxin-like peroxidase that has the ability to scavenge H 2 O 2 (16) . DJ-1 can also bind to mRNA encoding factors such as protein 53 (p53) (20) and proteins involved in glutathione synthesis (17) , but when oxidized it releases these factors to facilitate translation of oxidative stress response proteins. For all these reasons DJ-1 is generally considered to be an antioxidant protein.
The cysteine residues in this protein are crucial for its cytoprotective activity (18, 19) . Human DJ-1 contains three cysteine residues, Cys-46, Cys-53, and Cys-106. Cys-106 is the most conserved cysteine and is a critical mediator of many of DJ-1 functions (20) . The Cys-106 thiol residue has an acid dissociation constant (pK a ) of 5.4 (21) , meaning it is predominantly ionized at physiological pH, explaining its reactivity with oxidants (16, 22) . Cysteine residues can be oxidized to three distinct species by the cumulative additions of oxygen, successively forming cysteine-sulfenic (-SOH), -sulfinic (-SO 2 H), and -sulfonic (-SO 3 H) acid. These three species have different physicochemical characteristics. Peroxide-induced formation of a disulfide bond between two cysteine thiols is generally mediated by sulfenic acid formation or by thiol-disulfide exchange (23) . Such post-translational oxidative modifications may lead to perturbations in conformation, stability, molecular interactions, or activity of proteins such as DJ-1, providing a potential mechanism of their redox regulation.
Mammalian peroxiredoxins (Prdx) 2 proteins are peroxidases composed of three main groups according to the number of active cysteines and their positional variation, including the typical 2-Cys Prdxs, the atypical 2-Cys Prdxs, and the 1-Cys Prdxs (24, 25) . Dimeric Prdx1, Prdx2, Prdx3, and Prdx4 are typical 2-Cys Prdxs in which the peroxidatic thiol reacts with H 2 O 2 to form a sulfenic acid, which is then "attacked" by a resolving cysteine on the other monomer in the functional pair. The resulting Prdx disulfide dimer is reduced by the disulfide reductase thioredoxin (Trx) to regenerate reduced Prdx proteins capable of decomposing another molecule of H 2 O 2 (26) . When the Trx reduces the oxidized Prdx, it does so at the expense of becoming oxidized itself via a thiol disulfide-exchange reaction. Prdx may also thiol-disulfide exchange with other proteins and induce disulfide bond formation, thereby potentially modifying their activities. For example, Prxd4 directly oxidizes protein disulfide isomerase within the endoplasmic reticulum, thereby increasing the oxidative folding of substrates such as RNase A (27) . Similarly, Prdx2 (ϳ22 kDa) attenuates the transcriptional activity of STAT3 likewise through disulfide-bond formation (28) . In this way Prdx serves as a sensor that "picks up" increases in a cellular oxidant signal by virtue of disulfide bond formation. This signal can then transduced by the aforementioned thiol-disulfide exchange reaction to induce oxidation of a target protein whose activity may be redox-state dependent. In this way proteins that may not directly react with oxidants may still become oxidized but, indirectly, with Prdx oxidation serving as an intermediate step.
The redox state of DJ-1 in HEK cells, isolated cardiomyocytes, or isolated hearts exposed to increasing concentrations of H 2 O 2 was shown to undergo complex redox state changes. Transfection studies with C53A or C106A DJ-1 mutants show the oxidation state of either of these individual cysteines impacts on the susceptibility of the other to oxidation, with interventions that promote hyperoxidation of Cys-106 exacerbating H 2 O 2 -induced cell death. H 2 O 2 -induced DJ-1 disulfide formation was found to occur via a mechanism in which Prdx2 first reacts with the oxidant to form a disulfide, which is then transmitted to DJ-1, likely via a thiol-disulfide exchange reaction.
Experimental Procedures
This investigation was performed in accordance with the Home Office Guidance on the Operation of the Animals (Scientific Procedures) Act 1986, published by Her Majesty's Stationery Office (London, UK). Animals were maintained humanely in compliance with the "Principles of Laboratory Animal Care" formulated by the National Society for Medical Research and the Guide for Care and Use of Laboratory Animals prepared by the National Academy of Sciences and published by the National Institutes of Health (NIH publication no. 85-23, revised 1985). All animal protocols were approved both by the local King's College Ethical Review Process Committee and by the UK Government Home Office (Animals Scientific Procedures Group).
Studying DJ-1 Oxidation in Isolated Rat Cardiomyocytes or Hearts Perfused with H 2 O 2 -Ventricular myocytes were isolated from hearts of male Wistar rats (body weight, 200 -250 g) as described previously (29) . In brief, the rats were anesthetized with pentobarbitone sodium (40 mg intraperitoneally) and injected with sodium heparin (200 IU) via the femoral vein. Hearts were excised and perfused for 5 min with modified HEPES-Krebs solution (pH 7.3 at 37°C) containing 0.75 mmol/ liter CaCl 2 . Then, hearts were consecutively perfused with Ca 2ϩ -free HEPES-Krebs solution containing 100 mol/liter EGTA (4 -10 min) and with HEPES-Krebs solution containing 100 mmol/liter CaCl 2 and 1 mg/ml type II collagenase (Worthington) (8 min). Subsequently the ventricles were removed and cut into small pieces. Single cells were separated from undigested ventricular tissue by filtering through nylon gauze and stored in the taurine-containing solution until the myocytes settled down. The isolated myocytes were cultured in pre-laminated 6-well culture plates or on individual 3.5-cm dishes for confocal microscopy with modified M199 culture medium (Invitrogen) containing 2 mmol/liter creatine, 2 mmol/liter carnitine, and 5 mmol/liter taurine plus 100 IU/ml penicillin/ streptomycin. The culture medium was replaced after 2 h, and the cells were maintained overnight. The next day cardiomyocytes were treated with H 2 O 2 (0 -200 M) for 10 min or with auranofin (1-3 g, Sigma).
Rat hearts were also isolated, cannulated, and perfused in Langendorff mode at a constant flow of 12 ml/min as follows: 30 min of aerobic perfusion with bicarbonate buffer followed by 5 min of perfusion with 0 -500 M H 2 O 2 in bicarbonate buffer. At the end of the perfusion protocol, hearts were frozen and stored in liquid nitrogen until further analysis. Hearts were homogenized using a tissue grinder (Polytron) in cold buffer containing 100 mM Tris-HCl, pH 7.2, 100 mM maleimide, and protease inhibitors (Complete C, Roche Applied Science).
In Vitro Preparation of WT and DJ-1 Cysteine Mutants and Prdx2-HEK 293T cells were maintained in DMEM supplemented with 10% FBS and transfected using Lipofectamine 2000 (Invitrogen) according to the manufacturer's instructions. The mammalian expression plasmids for DJ-1 WT and mutants were acquired from Addgene (DJ-1 WT plasmid #29416, DJ-1 C53A plasmid #29419 and DJ-1 C106A plasmid #29409). The Prdx2 plasmid (#31338, Addgene) was subcloned into a mammalian expression vector using a pcDNA TM 3.3-TOPO TA Cloning kit (Invitrogen). Two days after transfection cells were treated with H 2 O 2 (0 -500 M) for 10 min.
Immunoblotting Analysis and Immunoprecipitation of DJ-1-Protein samples prepared from hearts, and cardiomyocytes were loaded (200 g) and separated by SDS-PAGE using the Mini Protean 3 system (Bio-Rad) and transferred to PDVF membranes (GE Healthcare). Blots were incubated with the following primary antibodies diluted 1:000 in PBS-Tween 5% milk overnight: DJ-1 (ab18257, Abcam), V5-tag (ab27671, Abcam), Prdx2 (ab15572, Abcam), and a SO 3 H-Cys-106 DJ-1 antibody generated in-house as detailed below. One hour of incubation with horseradish peroxidase-coupled anti-mouse (#7076, Cell Signaling) and anti-rabbit (#7074, Cell Signaling) IgG secondary antibody (diluted 1:1000 in PBS-Tween 5% milk) was used to detect primary antibodies bound to the blot together with enhanced chemiluminescence reagent (GE Healthcare).
Cardiomyocytes were lysed in radioimmune precipitation assay buffer (10 mM Tris, pH 7.4, 140 mM NaCl, 0.1% Triton X-100 0.1% SDS, and 1% sodium deoxycholate) supplemented with protease inhibitor mixture (Complete C, Roche Applied Science). The lysates were then incubated with DJ-1 antibody (ab18257, Abcam) overnight on a rotating wheel. The next day A/G-agarose beads (sc-2003, Santa Cruz) were added to the samples according to the manufacturer instructions. After 3 washes with radioimmune precipitation assay buffer the precipitates were resuspended in Laemmli sample buffer containing 5% ␤-mercaptoethanol at 95°C. To precipitate DJ-1 WT and cysteine mutants, HEK 293T cells were lysed in radioimmune precipitation assay buffer, incubated with V5-beads (A7345, Sigma) overnight, and washed three times with radioimmune precipitation assay buffer. Finally, precipitates were resuspended in Laemmli sample buffer containing 5% ␤-mercaptoethanol.
Proteomic Analysis-20 g of protein obtained from DJ-1 immunoprecipitated from cardiomyocytes were loaded and separated on 4 -12% polyacrylamide gradient gels (NuPAGE, Bio-Rad). After electrophoresis, gels were silver-stained, and a 75-kDa band was excised and subjected to in-gel digestion with molecular grade trypsin (ThermoScientific) using standard protocols. Tryptic peptides were separated on a nanoflow LC system (Dionex UltiMate 3000) and eluted with a 40-min, 4-step gradient (10 -25% B in 35 min, 25-40% B in 5 min, 90% B in 10 min, and 2% B in 30 min, where A was 2% acetonitrile (ACN), 0.1% formic acid in HPLC H 2 O, and B was 90% ACN, 0.1% formic acid in HPLC H 2 O). The column (Dionex PepMap C18, 25-cm length, 75-m internal diameter, 3-m particle size) was coupled to a nanospray source (Picoview) using RePlay (Advion) to obtain a technical duplicate of the LC-MS/ MS. Spectra were collected from an ion trap mass analyzer (LTQ-Orbitrap XL, ThermoFisher Scientific). MS/MS peak lists were generated by extract_msn.exe and matched to a rat database (UniProtKB/Swiss-Prot, 35702 protein entries) using SEQUEST and X! Tandem. Peptide identifications were accepted if they could be established at Ͼ95.0% probability as specified by the Peptide Prophet algorithm 3. Protein identifications were accepted if they could be established at Ͼ99.0% probability with at least two independent peptides.
DJ-1 Cys-106-SO 3 H Detection by Immunoblotting-The active site peptide KGLIAAIC*AGPT was synthesized with sulfonic acid (cysteic acid) incorporated in place of the catalytic Cys-106 (C*) (PARK7_RAT) and coupled to KLH, and the rabbits were immunized. IgGs selective against DJ-1 sulfonylated at Cys-106 were purified by affinity capture using a hyperoxidized peptide attached to a column. IgGs were eluted with sequential low and high pH washes, and the antibody described resided in the low pH elution pool.
Immunofluorescence and Proximity Ligation Assay (PLA) Analysis-Cardiomyocytes and HEK 293 cells were fixed with 4% paraformaldehyde (Sigma) in PBS for 10 min at room temperature, washed in PBS, and permeabilized with 0.2% Triton X-100 in PBS for 5 min. To avoid nonspecific antibody binding, the cells were incubated with blocking buffer (5% nonspecific goat serum diluted in 1% bovine serum albumin, Tris-base 20 mmol/liter, NaCl 155 mmol/liter, EGTA 2 mmol/liter, MgCl 2 2 mmol/liter, pH 7.5) for 1 h at room temperature. Cells were incubated in primary antibody diluted (1:100) in blocking buffer overnight at 4°C and washed with PBS the next day. For double immunofluorescence with V5-tag (ab27671, Abcam) and SO 3 H-Cys-106 DJ-1 antibodies, a combination of Cy3-conjugated anti-rabbit (111-165-144, Jackson ImmunoResearch) and Cy5-conjugated anti-mouse (115-177-003, Jackson Immuno-Research) secondary antibodies were used at a 1:100 dilution for 1 h at room temperature. Diamidine-2-phenylindole dihydrochloride (D8417, Sigma) was added with the secondary antibodies to stain the nucleus.
The in situ PLA experiments were performed using the Duolink In Situ Red Starter Kit Mouse/Rabbit (DUO92101, Sigma) according to the manufacturer's instructions. Samples were mounted in Lisbeth's medium onto microscope slides and were analyzed using confocal microscopy on an inverted microscope (Leica SP5 system) equipped with a blue diode and argon and helium neon lasers. For PLA analysis of HEK 293 T cells V5 tag (ab27671, Abcam) and His tag (#12698, Cell Signaling) primary antibodies were uses at 1:100 dilutions.
Analysis of Cell Death by 3-(4,5-Dimethylthiazol-2-yl)-2,5diphenyltetrazolium Bromide (MTT) Assay and Apoptosis by Flow Cytometry in DJ-1 WT and Cysteine
Mutants-A total of 7 ϫ 10 6 HEK293 cells plated in 6-well flat-bottom plates were treated with 200 M H 2 O 2 for 18 h. At the indicated times, the cells were incubated for 30 min with 0.5 mg/ml dye MTT and then with 500 l of stop solution (0.1 N HCl, 10% Triton X-100 in isopropyl alcohol) was added to each well to dissolve the formazan crystals. The absorbance at 570 nm was determined using a Gemini XPS plate reader (Molecular Devices). Triplicate wells were assayed for each condition.
For the flow cytometry protocol transfected cells were harvested, washed with PBS, and incubated for 30 min with 1 l of the reconstituted live/dead cell stain (#L34957, Life Technologies). After the incubation time HEK293 cells were washed with PBS and incubated for 20 min with annexin V-APC antibody (#A35111, Life Technologies) diluted in annexin binding buffer (#V-13246, Life Technologies) following the manufacturer's instructions. HEK 293 cells were washed with annexin binding buffer and resuspended in 500 l of fixation/permeabilization buffer (#GAS003, Life Technologies) for 20 min. The fixation buffer was removed by washing the cells with Perm/Wash buffer (#GAS003, Life Technologies). Finally, the cells were incubated with V5-tag FITC (#R96325, Life Technologies) and cleaved caspase-3 (Asp-175) (#12768S, Cell Signaling) for 30 min and washed with FACS (PBS, 2% BSA). The suspension was analyzed on a FACS Canto (BD Biosciences). Data were analyzed with FlowJo version 7.6.5 (Treestar, Inc.). The median fluorescence intensities were calculated on an arbitrary scale.
Statistical Analysis-The effect of H 2 O 2 on the different DJ-1 mutants was analyzed by one-or two-way analysis of variance followed by Bonferroni post-hoc test using GraphPad Prizm 4 software. Normality was assessed by the Shapiro-Wilk test, and homogeneity was assessed by a residual plot. Differences were considered significant at p Ͻ 0.05.
Results
Oxidant-induced DJ-1 Redox State Alterations in Cardiomyocytes and Heart-Adult rat ventricular cardiomyocytes or isolated rat hearts were exposed to 0 -200 or 0 -500 M H 2 O 2 , respectively. The cells or hearts were collected in buffer with maleimide, an alkylating agent that limits any further oxidation of cysteinyl thiols. Immunoblotting analysis of cardiomyocytes ( Fig. 1A) or hearts ( Fig. 1B) showed that DJ-1 migrates as a monomer under basal non-reducing conditions. However, H 2 O 2 treatment induced formation of DJ-1 disulfide species, which were absent when electrophoresis was performed under reducing conditions. This oxidant-induced disulfide formation occurred robustly both in cardiomyocytes (supplemental Fig. S1A ) and in heart (supplemental Fig. S1B) , showing a consistent banding pattern. The lower concentrations of H 2 O 2 induced a 75-kDa disulfide complex that was lost when higher levels were used, at which point a 50-kDa disulfide complex appeared. The 50-kDa band was likely to correspond to a DJ-1 disulfide dimer, consistent with conjugation of two ϳ25-kDa DJ-1 monomers, which are known to be proximal to each other. H 2 O 2 at 100 -500 M was sufficient to oxidize Cys-106 in cardiomyocytes ( Fig. 1A) or hearts ( Fig.  1B) to the sulfinic or sulfonic acid state, termed hyperoxidation. To assess the formation of these disulfide complexes in the myocardium, isolated hearts were also perfused with 1 mM diamide. Diamide also promoted the 50-and 75-kDa DJ-1 disulfide complexes ( Fig. 1B ) but less efficiently than that achieved by H 2 O 2 .
To establish whether the redox state of DJ-1 can be regulated by the Trx system, cardiomyocytes were pretreated with auranofin before inducing DJ-1 oxidation. Auranofin is an inhibitor of selenocysteine enzymes including thioredoxin reductase. Co-treatment with auranofin limited the amount of H 2 O 2 -induced 75 kDa complex and promoted the formation of the 50-kDa disulfide dimer (Fig. 1C) .
Interaction of DJ-1 with Prdx2-Proteins that potentially form disulfide interactions with DJ-1 after oxidant interventions to mediate the 75-kDa complex were identified (Table 1) . This was achieved by immunoprecipitating DJ-1 from vehicle or H 2 O 2 -treated cardiomyocytes, resolving the sample by SDS-PAGE, excising a 75-kDa gel band piece from each sample lane, and analyzing each of them for constituent proteins using mass spectrometry. Consistent with mass spectrometry being very sensitive, several proteins were identified in the two samples despite the immunoprecipitation step (supplemental Table S1 ). As expected, these included proteins with a mass of ϳ75 kDa, but smaller proteins such as glyceraldehyde-3-phosphate dehydrogenase, myoglobin, and triosephosphate isomerase were enriched in the samples from cells exposed to H 2 O 2 . These, perhaps unexpected, smaller proteins may be present as they also form disulfide complexes in response to oxidant treatment of cardiac myocytes (30) . Prdx1 and Prdx2 were also identified as potential DJ-1 binding partners in response to H 2 O 2 treatment. However, when we performed detailed followup analysis of the disulfide interaction of DJ-1 with these Prdx isoforms (see below) no independent corroboration of an interaction with Prdx1 could be found. Thus the primary focus of this study was on Prdx2, and its oxidant-induced complexation with DJ-1 (Fig. 2) . The efficiency of the IP was checked by running the soluble cell lysate, labeled Input on Fig. 3A , together with the immunoprecipitated material on the same gel. Silver staining the gel highlighted a ϳ25-kDa band, corresponding with the molecular mass of the DJ-1 monomer, present in the IP samples (Fig. 3A) . This putative enrichment of DJ-1 in the immunoprecipitate was subsequently validated by Western blot (Fig. 3B) . Prdx2 was also detected in the DJ-1 immunoprecipitated samples from cardiomyocytes, but there was more co-capture of the Prdx when cells had been exposed to H 2 O 2 . Proximity ligation assay analysis corroborated the results obtained by Western immunoblotting, showing that DJ-1 and Prdx co-localize in situ in cardiomyocytes after exposure to H 2 O 2 (Fig. 3C) .
Potentiated Interprotein Disulfide Bond Formation and Cys-106 Hyperoxidation in C53A DJ-1-To determine whether the redox state of a thiol in DJ-1 impacted on the susceptibility of others to oxidation, the responses of C53A or C106A DJ-1 "redox dead" mutants in response to H 2 O 2 were examined. WT, C53A, and C106A DJ-1 was expressed in HEK cells, The quantitative value is a normalized value that takes into account the sum of the "unweighted spectrum counts" for each sample analyzed by mass spectrometry. The scaling factor for each immunoprecipitated sample was applied to each protein group and adjusted its "unweighted spectrum count" to a normalized "quantitative value." Statistical significance was calculated using a t test. Please refer to supplemental Table S1 and Fig. S1 and S2. which were then treated with H 2 O 2 . WT or C53A, but not the C106A mutant, formed an array of disulfide bonds with target proteins after H 2 O 2 treatment (Fig. 4A) . Surprisingly, the C53A mutant showed potentiated levels of interprotein disulfide bond formation with target proteins after H 2 O 2 treatment compared with WT. This exacerbated response of the C53A DJ-1 mutant to H 2 O 2 was especially apparent when it was immunoprecipitated via its V5-tag beads, resolved on a gel, and silver-stained. It was evident that a large number of proteins co-purified with C53A DJ-1 after cells were exposed to H 2 O 2 (Fig. 4B) . The C53A mutant is also more susceptible to Cys-106 oxidation compared with the WT, consistent with the possibility that the disulfide bond between the two DJ-1 monomers may protect Cys-106 from hyperoxidation (Fig. 4A ). Double immunofluorescence studies using antibodies to the V5 tag on transfected DJ-1 or to that which hyperoxidized (SO 3 H-Cys-106) further corroborated the findings based on co-immunoprecipitation. Thus, SO 3 -Cys-106 immunolabeling was only observed in HEK 293 cells treated with H 2 O 2 if they were transfected with C53A DJ-1 mutant (Fig. 4C) . Because the Cys-106 is the most reactive cysteine, the band pattern observed with the C53A mutant may correspond with disulfide bonds between the Cys-106 and target proteins.
DJ-1 Cys-53 Is Needed for Its Interaction with Prdx2-To determine which of the DJ-1 cysteines is required for the interprotein disulfide linkage with the Prdx, HEK 293 cells were transfected with plasmids for WT, C53A, or C106A together with Prdx2 and then treated with 0 or 100 M H 2 O 2 . DJ-1 protein was immunoprecipitated using V5 beads, and the interaction with Prdx2 was checked by Western blot analysis to assess co-purification. Prdx2 interacted with both WT and C106A DJ-1, but not the C53A variant, implying that Cys-53 is critical for disulfide bond formation between both proteins (Fig. 5A ). Although the Prdx2/DJ-1 WT and Prdx2/DJ-1 C106A interactions were detected in both treated and untreated cells, it was markedly higher in those cells subjected to H 2 O 2 treatment. This background level of interaction may be due to a basal oxidative stress of the HEK 293 cells subjected to transfection. PLA analysis also confirmed that C53A DJ-1 and Prdx2 do not co-localize (Fig. 5B) . Negative controls were included as in supplemental Fig. S2 .
DJ-1 C53A and C106A Mutants Are Vulnerable to Cell Death due to Apoptosis-We next evaluated the impact of DJ-1 redox state on the viability of cells subjected to H 2 O 2 treatment. HEK 293 cells were transfected with WT or cysteine mutant DJ-1 and subsequently treated with 200 M H 2 O 2 for 18 h. An MTT viability assay showed cells expressing C53A or C106A DJ-1 had significantly reduced viability compared with those transfected with WT protein (Fig. 6A) . However, the C53A mutant was the only one that showed reduced viability compared with the WT when the cells were co-transfected with Prdx2 and then exposed to H 2 O 2 (Fig.  6A) . The MTT assay is not able to discriminate if the cell injury was caused by apoptosis or necrosis. Thus, to monitor the impact of the DJ-1 redox state on cell apoptotic responses to H 2 O 2 , annexin V or cleaved caspase 3 in the transfected (i.e. V5-positive) cells were monitored using flow cytometry. No differences in the expression of cleaved caspase 3 between mutant and wild type cells were detected (Fig. 6, B and D) . Nevertheless, a significant increase in annexin V-positive cells in the Cys-53-and Cys-106-transfected cells was observed (Fig.  6, C and D) .
Discussion
DJ-1 is a ubiquitous redox-responsive protein with multiple functions. The human DJ-1 (PARK7) gene is mutated in rare forms of recessively inherited Parkinsonism (4) and is, therefore, widely studied in the neurology field. However, in recent years alterations in DJ-1 have also been associated with multiple diseases such as amyotrophic lateral sclerosis (30) , various cancers (31) (32) (33) , and androgen receptor regulation (34) . Surprisingly, considering the DJ-1 is highly expressed in the myocardium, relatively little is known about its role there. However, the hearts of DJ-1 knock-out mice are hypertrophic and susceptible to failure (35) . This implies a protective role for DJ-1 in the myocardium, but the molecular basis of this remains unclear. Here we show that DJ-1 undergoes complex and dynamic redox-state changes in cardiomyocytes and cardiac tissue during different H 2 O 2 treatments. This imbalance caused by excessive oxidative stress has a central role in the development of cardiomyopathies (34, 35) . . C53A DJ-1 was more susceptible to H 2 O 2 -induced Cys-106 hyperoxidation than WT. A, non-reducing immunoblots of HEK 293 cells lysates transfected with a WT, C53A, or C106A DJ-1 plasmid probed with antibodies to the V5 tag on the transfected DJ-1 or to hyperoxidized Cys-106SO 3 H DJ-1. HEK 293 cells were treated with 0, 100, or 500 M H 2 O 2 for 10 min. The formation of disulfide-dependent complexes as well as Cys-106 hyperoxidation was significantly higher in the Cys-53 mutant. Cells transfected with C106A DJ-1 were less susceptible to disulfide complex formation compared with those cells transfected with the WT protein. Statistical significance was calculated using two-way analysis of variance with the Bonferroni post hoc test. #, p Ͻ 0.001. B, silver-stained gel of immunoprecipitated DJ-1 from transfected HEK 293 cells lysates. Mutant DJ-1 proteins (WT, C53A, and C106A) were precipitated using V5-agarose beads from HEK 293 cells treated with 100 M H 2 O 2 for 10 min. C, double immunofluorescence with V5 tag (green) and SO 3 H-Cys-106 DJ-1 (pink) antibodies in HEK 293 cells transfected with WT, C53A, or C106A plasmids and treated with 0 or 500 M H 2 O 2 for 10 min. Scale bar: 10 m.
In this study we observe sulfination or sulfonation of Cys-106 during high levels of peroxide, consistent with this thiol reacting with H 2 O 2 to generate this hyperoxidized state. Cys-106 oxidation has already been proposed as a mechanism by which DJ-1 can act as a sacrificial oxidant scavenger (16) . This irreversibly oxidized DJ-1 is subject to degradation, resulting in decreased expression (36) . Billia et al. (35) reported low levels of DJ-1 protein in hearts from patients with heart failure, but their DJ-1 mRNA levels were not altered. Thus, based on our experiments, we suggest hyperoxidation of cardiac DJ-1 Cys-106 may serve as a posttranslational modification that triggers its degradation in patients with heart failure. We did not observe DJ-1 degradation, likely because cells were only exposed to an acute 10-min treatment with H 2 O 2 in our study.
Previous studies have shown that Cys-106 is critical for multiple roles of DJ-1 and its interaction with target proteins (18, (37) (38) (39) . Here we demonstrate that the redox state of Cys-53 is also important in controlling Cys-106 interdisulfide complex formation with target proteins. We observes a H 2 O 2 dose-dependent increase of a 50-kDa complex that may correspond to the DJ-1 homodimer generated by disulfide bond formation between the Cys-53 from each monomer in cardiomyocytes or perfused hearts. Cys-53 is 3.3 Å from the equivalent residue on the adjacent subunit (1). Although relatively close, this is still too distant for a disulfide to bridge. However, we should also consider that the structure will have some flexibility and that the distance may change with interventions that modulate the oxidation of other cysteines in DJ-1 or upon binding of partner proteins.
It is also notable that the oxidant interventions only induce a relatively small proportion of the total pool of DJ-1 to the disulfide state. However, it is important to consider that such disulfides are readily reversible and can be continuously recycled back to the reduced state. Therefore, the Western blots may represent a snapshot of its redox cycle, not providing any information about the turnover rate of this process. Furthermore, DJ-1 interacts with many partners, potentially generating a variety of subcomplexes that may not all respond to oxidant in the same way, potentially delimiting the stoichiometry of disulfide formation.
A limitation of this study is an inability to differentiate between sulfinic and sulfonic hyperoxidation states of Cys-106 with the antibody used. Regardless of this, it is evident that a C53A DJ-1 mutant undergoes potentiated Cys-106 hyperoxidation. Intriguingly H 2 O 2 treatment of cells expressing C53A DJ-1 also promoted formation of heterointerprotein disulfides with unidentified target proteins. During oxidative stress, the isoelectric point of DJ-1 changes from 6.2 to 5.8 (40) , potentially explained by formation of the acidic hyperoxidation state well established to occur at Cys-106. However, a C53A DJ-1 was resistant to this oxidation-induced "acid shift" (19) , which could be explained by Cys-53 hyperoxidation.
These observations are consistent with the interprotein disulfide between Cys-53 on DJ-1 subunits, which are found at the dimer interface (41) , negatively regulating the susceptibility of Cys-106 to hyperoxidation. This Cys-53-Cys-53 homodisulfide dimer also serves to limit disulfide interactions of DJ-1 with other proteins. This leads to the rational suggestion that in the absence of a Cys-53-Cys-53 homodisulfide, Cys-106 has enhanced susceptibility to oxidation or disulfide formation with other proteins, perhaps because it becomes more accessible for such interactions. Such a rationale would explain why ASK1 (apoptosis signal-regulating kinase) was constitutively bound to C53A DJ-1 via Cys-106 (39) . Structural changes induced by DJ-1 disulfide dimer formation may impact on the redox activity of Cys-106 and its capacity to form heterodisul- fide protein complexes. DJ-1 Cys-106 forms disulfide bonds with multiple target proteins to limit oxidant-induced cell death (4, 14, 16, 42) ; thus when this residue hyperoxidizes it may lose its capacity to participate in this protective pathway. Our results showed that both Cys-106 and Cys-53 are important in the protective role of DJ-1 against apoptosis. Thus, the C106A mutant may promote injury because it cannot directly interact with proteins that otherwise may limit cell death, whereas the C53A mutant indirectly produces the same effect by promoting Cys-106 hyperoxidation.
One of the principal observations in this study was the formation of a 75-kDa DJ-1 complex before the appearance of the disulfide dimeric homodimer. Mass spectrometry analysis suggested this DJ-1 complex contained Prdx2, which was subsequently corroborated by co-immunoprecipitation studies as well as PLA analysis showing that DJ-1 Cys-53 was crucial for this interaction. Typical 2-Cys Prdx, such as Prdx2, have a peroxidatic cysteine with a very low pK a , which in the presence of H 2 O 2 is oxidized to a sulfenic acid and then attacked by a resolving cysteine located in other subunit. This reaction results in the formation of a stable intersubunit disulfide bond that is reduced by thioredoxin and constitutes a mechanism of degrading H 2 O 2 . The low pK a of the peroxidatic cysteine of peroxiredoxins does not fully explain its unusually high reactivity with peroxide. Four conserved amino acids in the active site of all peroxiredoxins help stabilize the transition state of the peroxidatic S n 2 displacement reaction to enhance catalysis (43) . This high reactivity with H 2 O 2 together with their high abundance may explain the importance of Prdxs as redox sensors and transducers within cells. Andres-Mateos et al. (16) described DJ-1 as an "atypical peroxiredoxin-like peroxidase." They estimated that the reaction of H 2 O 2 with DJ-1 was at least a thousand times slower than with typical Prdxs. Indeed, H 2 O 2 reacted with DJ-1 at 0.56 Ϯ 0.05 M Ϫ1 ⅐s Ϫ1 , whereas Prdxs reacted with the same substrate between 2 ϫ 10 5 and 1.8 ϫ 10 8 M Ϫ1 ⅐s Ϫ1 (16, 44, 45 
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intermediate is abolished under higher levels of peroxide leading to the formation of DJ-1 disulfide dimer between the Cys-53 residues of both DJ-1 (Fig. 7) . This model also explains the 75-kDa complex abrogation under high levels of peroxide, which is likely due to Prdx2 hyperoxidation.
Nuclear factor (erythroid-derived 2)-like 2 (Nrf2) activation has been associated with Prdx2 (46) and DJ-1 (47) in two independent studies. It is interesting to speculate that the disulfide interaction of Prdx2 and DJ-1 observed in this study could impact on Nrf2-dependent signaling, for example perhaps by modulating oxidation of the regulatory thiols in kelch-like ECH-associated protein 1 (keap1). The interaction of DJ-1 with Prdx1 and -6 has also been previously observed (48) , although this was not increased by H 2 O 2 treatment. A non-covalent association of DJ-1 and -6 would perhaps logically explain why it is able to form the heterodisulfide dimer, which is unlikely unless DJ-1 Cys-53 is very abundant and highly reactive. A noncovalent interaction of Prdx and DJ-1 may result from being similar-sized proteins, each from higher order oligomers. Indeed both Prdx and DJ-1 show overlap in function, each having both peroxidase (16, 25) and molecular chaperone activities (9, 22) . The Cys-53 DJ-1-mediated interaction with Prdx2 is especially notable as most of the studies focus on Cys-106-mediated disulfide interactions with target proteins. However Cys-53 of DJ-1 is also known to be redox-regulated, with its reduction being mediated by Trx (49) , which is consistent with our observation that Trx reductase inhibition by auranofin induces the disulfide dimer.
Oxidant-induced apoptosis has been widely observed to occur as either a cause or a consequence of distinct pathologies including cancer, autoimmune disease, neurodegeneration, and heart disease. This induction of apoptosis by oxidants is likely to be mediated, at least in part, by alterations to redox active proteins whose activity is modulated by such oxidative post-translational modifications. Prdxs are already known to induce disulfide bond formation in other proteins, thereby modulating their activities, for example protein disulfide isomerase (50), or STAT3 transcription factor (28) . Here, we show that DJ-1 is also such a protein, undergoing complex, multifaceted, and dynamic redox-dependent alterations that are critical for induction of oxidant-induced apoptosis. The role of DJ-1 in cell death and apoptosis has been widely studied, with it complexing with several regulators of cell survival. Indeed, some of these proteins, such as ASK1 (14), Nrf2 (51), PTEN (52) , and Akt (53) , are also thiol redox state-regulated. Our data indicate that formation of DJ-1 Cys-106 disulfide linkage complexes is regulated by Cys-53 oxidation and that both cysteines are critical for the protective role of DJ-1. Additionally, we observed an oxidant-induced interaction between DJ-1 and Prdx2. This transient interaction between the two proteins may reflect an oxidant-sensing and transduction event, allowing post-translational regulation of DJ-1 function that is important in cellular responses to oxidative stress. Improving our understanding of the complexities of the redox regulation of DJ-1 is warranted as they may be important in the maintenance of health or the development of several diseases. 
